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ABSTRACT 

Increase in R = c(e+e- -c hadrons)/ c(e+e- - r.+p-) with the 

beam energy and non-scaling behavior of structure functions for the 

reactions e+e- + hadron + anything have been experimentally 

observed. We point out that these are not evidences against the 

basic concept of the parton model. 
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Exciting information has recently became available from 

experiments with electron-positron colliding beams. 1 
Among these 

results, we focus our attention to: (a) the rapid increase of R = 

+- 
u(e e - hadrons )/ c(esk- - p*+p-) with the beam energy, (b) the 

- 
indication that the structure functions, MCI and vW2 for e+e- * hadron 

+ anything scale for ~2 0.5 but they do not scale for w 5 0.5. (The 

variables are defined in Fig. 1. ) Corresponding predictions for the 

parton model are: (a) R = C ei, ’ (b) v%;, and ME, scales3 for all 
i 

W. How do we interpret the parton model in view of these unsuccessful 

predictions for the annihilation processes, especially after it has enjoyed 

great deal of successes in the lepton nucleon deep inelastic scattering 

processes ? 

In previous publications it has been shown4 that the usual parton 

model result for electron-proton deep inelastic scattering 

lim 

Q2 

vW2(Q2, v) = 2: e 
i 

i2xfi(X) 

,v*m 

(1) 

x = Q2/ 2Mv fixed 

follows from very few assumptions. 
5 

They are: (i) Currents couple to 

partons. (ii) The probability for finding a parton inside a proton which 

carries large transverse momentum relative to the momentum of the 

proton is very small. (iii)The hadrons produced in the final state have 

transverse momentum cut off with respect to the virtual photon direction. 
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(iv) The multiplicity of hadrons <n> ~4 w The assumptions (i) and 

(ii) are the basic assumptions of any parton model. The assumption 

(iii) and (iv) have been experimentally verified. 6 
Therefore (1) is on 

a very strong ground. III comparison, predictions for electron- 

positron annihilation process are much more model dependent. We will 

show that: (a) VW, and MW scale for large Q2 and v only in the region -f 

wQ/ 2 >> 350 MeV. (b) in the region where structure functions scale, 

1 
dub 

- do< 2zIeiejI dw 
ij 

(2) 

0 
C 

4lrcz 
2 

w = (1. 5 GeV) 214, me = -, h stands for the observed hadron . 
C 

3Q2 
(c) the prediction R =X ei2 is strongly model dependent. 

It was shown that the cross section for e+e-+ h + anything is 

given by7 

doh -=,J 
do Q 

n 

c 
Q=1 

x <j:k’, q-k’[ h(p), cu> - - <h(p), CY 1 k, q-k:i> . (3) 

Consider the matrix element -<h(p), a [ k,q-k: i> in the limit Q2, 

Y + 00 while w fixed. We make two assumptions on this matrix element. 

(A) The hadrons in the final state are such that their transverse momenta 

with respect to either k or q-k are limited. (i.e., i il 
<< Q). (B) The 

associated multiplicity <n(p)> is small compared to Q/M. (<n(p)> is a 

multiplicity of hadrons for events which contain a hadron with momentum p. ) 
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With above assumptions, the direction of k and T-I? are fixed. 

-8 
q-l? is approximately parallel to p ~ Furthermore we have 

r” (m2 +pi12)/2yi <C MY. Then 
i=i 

dab - 
- -UpP3 dw c 

e.e. wGii 
1 3 

ij 

(0) (4) 

G;(Y) = (2H)3 7 d,sd2kl.d3k’ 6(:-e)<j:k’,q-k]b+(p)b(p)lk,q-k:i> (5) 

b(p) is an annihilation operator for a hadron h. The matrix element is 

small unless k z 
= ks’ and T-2 is parallel to p’: Therefore, right hand 

side is a function of only w. The lesson we want to stress here is that: 

In general k and k’ are integrated over all phase space. Due to assumption 

(A) however, directions of k and k’ are fixed. With assumption (B) energy 

conservation b function becomes 6 (i - z) and fixes the magnitude of 

k and k’. Withthese restrictions the prediction becomes that ofthe naive parto2 ,mo 

(a) Scaling at finite value of Q2 and v 

We point out that the result (4) obtained in the asymptotic limit may 

not hold in some kinematic region at present energies. In the derivation 

of (4), it was crucial to fix the direction of z. If p’ gives a well-defined 

direction, the direction of z-c and g-G were approximately parallel to 

P. Let E be the typical energy of the slow moving hadrons in the laboratory 

frame. Since slow hadrons are expected to have more or less isotropic 

distribution, the condition for the detected hadron to give a well defined 
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direction is p >> E. If the detected hadron has a small energy in the 

laboratory frame p < E, then it does not fix a direction. In such a 

case, the parton state [k, q-k;i >, being an intermediate state, must be 

integrated over all phase space for k. * This may introduce Q dependence 

in Gii ( o). and the result may deviate from that of the naive parton model. 

With the condition p >> E, (4) holds for w = Zp/Q >> 2 e/Q. 

In an experimental situation, if E = 350 MeV, 9 the detected hadron, 

with p > 1. 5 GeV in the laboratory frame fixes the direction. 10 
Let 

oc be the value of w above which (4 ) should be valid. For energies 

available now or in the near future. 
11 

respectively. 

Q/2 = 1. 5, 2, 2.5, 4.5 GeV; 

w 
C 

=I, 0.75, 0.6, 0.33 

doh 
(b) Upper bound for dw. 

(6) 

By resealing z component of momentum, we obtained a physical 

interpretation of GFi(i(w) which is valid to zeroth order in i/P and i/Q. 

Consider a state Ik, q-k:i> and let ci = ( nQ. 0, n2P). cL = c-ci = (0, 0, P). 

Gii( w)dw is a number of hadron h with z component momentum between 

WP and (O + dw)P that can be found in the state 1 k, q-k:i>. Using this 

physical interpretation, 

1 

CI 
WG;$w)dw 5 2 (7 ) 

h WC 

Factor of 2 comes from the fact that momentum k can be assigned to 

either par-ton i or i. Using Schwartz’s inequality we obtain (2). 
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(c) R and its energy dependence. 

R can be obtained from 

R=; 
2 3 

(8) 

It is clear that we cannot make a statement about R without further 

assumptions since it will require knowledge of MWi and yW2 for 

W<W 
C’ 

In view of the new data, 
1 

a question arises whether the prediction 

R=Ze.’ 

i4 
1 still holds if and when R reaches a constant value. It can be 

shown that if the multiplicity of the final state hadron is much less 

than Q/M, the prediction follows from the par-ton model assumptions 

stated in this paper. If the multiplicity grows as Q/M, then it is quite 

possible that R k 2 ei2 even if it reaches as asymptotic value. 

Experimentally, 
1 

the multiplicity of hadrons is consistent with 

a linear rise with Q/M. 

Figure 2 summarizes the difference between e-p deep-inelastic 

scattering and e’e- annihilation. The crucial difference between Fig. 2a 

and Zb is: In Fig. Za, p” and q’ give well defined direction for all partons. 

In Fig. Zb, direction of k’ is not yet defined. Only detection of a fast 

hadron (large W) will fix the direction of c If slow hadrons are detected, 

we need further dynamical assumption. If we assume that the par-tons 

always “decay” into a well defined jets then scaling of vW2 follows even 

for small 0. One cannot, however, exclude the possibility that two par- 

tons “decay” into a fireball of slow hadrons without forming T fast 
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hadrons . This will lead to scale breaking at small w. In the deep- 

inelastic ep scattering similar possibility is excluded by experimental 

observations (i) and (ii) at least at present energies. 
6 

We summarize some experimental checks that can be made to 

test the parton model at present range of Q2. Values of oc for various 

energies are given in (6). 

for w > 0 c: (a) VW, and MWi scales, (b) <n(w)> << Q/M, 

(c) Eq. (2) should hold. 

for w < wc: (a) If R increases faster than or equal to log &/M, 

<n(o)> increases faster than or equal to (Q/M)/log Q/M. 7 (b) 

1 dab . - 
“m 

- increases rapidly with Q at some W. do 

FIGURE CAPTIONS 

Fig. 1 

Fig. 2 

e+e- - h + anything. A diagrammatic representation of (3 ). 

Comparison of e+e- annihilation and e-p deep inelastic 

scattering. 
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,. A diagrammatic representation 

of (3) is shown in Fig. 1. p is the velocity of the detected hadron. 

Equation (3) is evaluated in the P -t m frame where G = (0, 0, P), 

gi = (Pil’ yip), k’= ‘zi> Q~zP), s’ = [ rl Q, 0, %&P-$&i - 7)l. 

‘ii 
= transverse momentum of p relative to the direction k” or G-z. 

-r = 1 - 1 - (I+ n2)Q2/ Y’. n2 is a free parameter which defines the 

boosted direction. To obtain (3) we chose n ’ =@‘I(fi - p)‘. Ik,q-k:i> 

is a state which consists of parton i and antiparton i with momentum k’ 

and q-i? respectively. -<h(p), ru 1 is an out state consisting of the detected 

hadron with momentum p and collection of hadrons which make up the 

unobserved states. (3) was de rived using the time ordered expansion of 

the matrix element. The energy conservation is not imposed on the 

intermediate parton states. The 6 function arises from the energy 

conservation of the final-hadronic state. 
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